[.».

@L)\*LM - W{,4M1«Lélrwd2 /5/\] W‘f“ﬂ“{ OL//'\/\:QJL,LL:(T/{A%XQ/Y

\MO 6
é;&f; EFFECTS OF ALPHA PARTICLES RANDOMLY INDUCED IN THE BRAIN IN i
NEUTRCN CAPTURE TREATMENT OF INTRACRANIAL NEQPLASMS A//132;;55Z343147

—
. o M NAG A, . /
Lee E. Farx;M _y Webd Hayma.ker.w T. Konlkcwski,«M.A}iz&
‘ /

and Stuart W. Llppincot‘b,—-\\dfb%‘? SM fe g )
/ M 41/42‘? E463J l50W

L) ’ . \
CM:AW(:LM | (/yﬁﬁﬁr Tm)c/é’77)

JLL%AL*— lJv/; ﬁi;-;:ﬁ;;) . .,—-————QJLQL&g;L____T )
@/ﬁé.ww Lo //a? '
il Feemisn : — LW e

This work and report was made possible by the United States Atomic Energy

Commission under @ontractﬁm- 502-Gm-16jm§ﬁtr( 40-1) 308&)

ssor ‘of Nuclear Medicine, The University of Texas Postgraduate

School of Medic_fﬁé, and Chief, Section of Nuclear Medicine, The University

of Texas M.D. Anderson Hospital and Tumor Institute, Houston 25, Texas.
. —
~>2. Senior Scientist, National Aerqnautics and Space Administration, Ames
Research Center, Moffett Field, California.
3. Research Associate in Section‘of Nuclear Medicine, The University of
Texas M.D. Anderson Hospital and Tumor Institute, Houston 25, Texas.
4, Research Pathologist, Department of Pathology, Bowman Gray School of

Medicine, Winston-Salem, North Carolins.




EFFECTS OF ALPHA PARTICLES RANDOMLY INDUCED IN THE BRAIN IN THE

NEUTRON~CAPTURE TREATMENT OF INTRACRANTAL NEOPLASMS

The increasing development of man's capability to explore outer
space has heightened interest in the effects of primary particles, such
as neutrons, protons, alpha particles and mesons, particularly when they
penetrate the brain. With this problem in mind, neutron-capture therapy
has been further evaluated in order to determine whether normal con-
stituents of the brain are affected by alpha particle and energetic
lithium atoms generated by the reaction used. In this procedure, the
entire brain in 20 patients with intracranial tumor was exposed io thermal
neutrons and to randomly generated alpha particles and energetic lithium
atoms produced by the boronlozi:}hermal neutron reaction. In all 20
patients, co?ﬁﬁftional therapeutic efforts had been exhausted before
neutron’%iirapy‘was begun. Clinical data on 8 of the cases have been
re_ported,'1 and an account of the clinical features in the remaining 12
cases together with the results of several treatment functional tests is
now in progress.

In a previous article2 our preliminary conclusions as to the effects
of thermal neutrons on the brain were set forth. The present report is
concerned with the results of a cytological study of parts of the brain
most heavily exposed during the neutron-capture procedure. Observations
of the Boronlo:::}hermal-negtron procedure on the neoplasm are being
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reported elsewhere,

PROCEDURES

Neutron-capture therapy is a procedure by which, under certaln




conditions in experimental animals, cytocidal effects can be produced

in this case Boronlo, which has a thermal-neutron cross=section capture
r

of 3840 barns. Naturally occurring Foron is composed of about 80%

and 20% Boronlo. To meke the inorgenic salts which we employed,

Boron
en enriched Boron ' composed of over 96% Boron' and less than 49
Béronll was used. This was obtained from the Atomic Energy Commission,
Oak Ridge, Tennessee. Boronll does not readily interact with thermal
neutrons because it has a very small capture cross section - 4.5
millibarns - and the action results in no particulate emission, only
in a gamme-ray emission.

The effectiveness of neutron-capture therapy, as shown in experi-

mentation in several animal species, depends in principle upon prompt

‘release of a large quantity of energy within a volume equal to that of a
single cell. This energy release results from abrupt Boronlo d
tion into an alpha particle and an energetic Lithium! atom following
capture of a thermal neutron by the Boron:LO nucleus. In tissue, the
cqmbined pathway of the glpha particle and the energetic lithium atom

é;é estimated to be about 10 microns, which, for neurons, we have taken

1o be of the order of one-half to one cell diameter. Under our operating
conditions the energy of a thermal neutron ié,by definition, 0.125 electron

10 transformation into an energetic Lithium7 atom

volts, while the Boron
L

and an alpha particle results in a release of 2.345 MeV of energy. When

this energy value is used, the measurable, but not tissue significant, gamma

contribution, which is produced in 93% of the events, is not included.

For total energy release,the garma contribution must be calculated separately
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and added. The total energy absorbed from this reaction can be calculated

on the basis of neutron fiux, density, lengih of exposure time and the
ﬁ%ron concentration in the tissue. The short pathway in tissue limits the
.effects of the reaction essentially to the cell in which a reaction
originates; Consequently, and in contrast with gamma effects, histological
appraisal 1s of great value when the site of the reaction is verified and
when specific cells are observed for the sequelae of the reaction. The
fact that the %g;mal-neutron cloud passes through the entire brain but
at markedly differing intensities both at depth and laterally, provides
internal control checks for effects that may be observed.

After intravenous injection of an inorganic Horon salt (we have used
sodium tetr&boréte and sodium pentaborate) the target atom Boron™? is

~ disseminated rapidly by the circulatory system to all cell species. This

occurs prior to thermal-neutron exposure. The BOro:n:LO sodium salts used

l¢]
=]
(o)

equilibrium* would exhibit uniform concentration in body water. The rate
at which this hypothetical equilibrium may be attained varies for different
tissues, but it is quite rapid, a matter of a very few minutes at most.
Under conditions of tﬁermal-neutron exposure in the study reported heréin,
the concentration of Boronlo in the various types of normal célls was,
within a few minutes, sufficient to permit generation of, what experience

has shown to be, a significant number of alpha particles during the sub-

" "
*Hypothetical equilibrium because)due to significant renal excretion}a

steady state system cannot occur with a single dose.



sequent transit of the thermal neutron cloud. As compared with normal

or N for
reaction), the very high thermal-neutron cross-section capture area of
Boronlo (3840 bgrns) results in epproximately 90% of the released energy
‘of all capture reactions being derived from the Boronlo reaction when'
Boronlo has a concentration of only 20 milligrams per kilogram of body
weight. None of the tissue component reactions results in alpha particle
generation, although‘nit?ogen releases a proton with 0.624 MeV energy
following thermal neutron capture. Nitrogen also has an n, gamma reaction,
emitting a gamma ray of 10.8 MeV energy. For this gamma, the absorbed
dose emission will be of no‘significance in the present context. The total
gamma radiation accruing from all activation is almost entirely of very
high energy and therefore does not result in a significant contribution
to the absorbéd dose in the g2uerdly volume within the skull cavity.

In the 20 patients with whom we are dealing, use was made of two
boron compounds, tetraborate and sodium pentaborate, which exhibited no
difference in their response to neutrons. The differences between the two
éompopnds appear to be limited to pharmacologicael properties, pentaborate
being the less toxic. The inorganic salt in an aqueocus glucose solution
was given 6 to 30 minutes prior to the time of thermal-neutron exposure of
the head. The intensity of neutron exposure is indicated by NVT per cm2

lable 1 in Table 1. Experimentation on animals has revealed no variation in brain
response to neutron-BoronlO reactions at interval durations equivalent to

those used in these patients. Therefore, within the time limits used in this

study there is a seeming insensitivity to flux variations. The longest
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exposure was 40 minutes, and the shortest, 208 seconds.

Survival period of the patients varied considerably (Teble 1). At
autoﬁsy, the entire Dbrain was removed and care taken that geometrical ‘
'relationships extant during life were preserved. Geometry is of extreme
importance in.this study because of the great dependence of thermal
neutron distribution patterns on geometry. This is largely due to the
ver& considerable attenuation of the cloud of thermal neutrons as it
passes through tiséué (Fig. 1). The axis of travel of the cloud must
be reasonably well known in order accurately to identify regions of
meximm effect.

On removal, the brains were fixed in 10% neutral formalin. Small
blocks were removed from some of the brains, and were embedded in paraffin,
and-sections stained by varijous methods. The whole brain - or in those
instances in which blocks were removed, the remainder of the brain - was
embedded in celloidin. Whole brain sections were cut at 25 microns
thickness in the coronal, horizontal or sagittal plane, then stained and
- mounted on slides for low-power survey. In addition, representative
sections were cut at 7 microns thickness and mounted with thin cover slips
for detailed microscopic examination., The following stains were utilized:
hematoxylin and eosin, Bielchowsky-Plein cresyl echt violet, Loyég alum
iron, Weigert's hematoxylin, and Biel;bhowskthross silver nitrate.

Histological observations were assessed in the light of total neutron
exposure, the patienfg position at the time of exposure, and the Boronlo

dose administered.




Fig. 1
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system has been discussed at some length elsewhere. From data obtained
in the course of developing neutron-capture therapy at Brookhaven National
Laboratory the neutron isocexposure contour pattern shown in Figure 1 was

constructed and has been used in our calculations. Our basic cobservation

measurements are presented in Teble 1. In each patient, local measurements

were made with gold foils and gold wires, which were activated by thermal

neutrons in proportion to their number. Thus, gold wires could be used
as detectors to give information on the total surface exposure to thermal
neutrons and the axis of travel of the cloud of thermal neutrons and its
attenuation in passing through given tissue structures. In an effort to
get a better integrated dose measure, a more general procedure of measur;
ing thermal-neutron-capture-induced gamma radiation in thebexposed region
was used in two patients by in vivo counting. This.was not a substitute
for foils but was utilized in addition to the foils.

Tissue equivalent phantoms have been used freely in order to gain
better insight into many of the important factors concerned in dosimetry.
Before, during and after these exposures, numerous measurements, utiliz-
ing simulated treatment geométries, were made of the gamma-ray £¢& thermal-~
neutron~exposure ratio at each of the reactors under operating conditions.
In both reactors under operating conditions the-gamma exposure was small

in relation to other exposures resulting from thermal-neutron reactions.

In general it was less than 100 r and more than 50 r.



Fig. 2

D. D, Levine of the Applied Mathematics Division of Brookhaven
National Laboratory calculated the isodose contours derived from neutron
capture by tissue components, as shown in Figure 2. In this calculation
the neutron flux is represented as an exponential function of the distance
from a virtual point source 3 to 4 centimeters behind the port and integrated

by use of series expansion. The procedure yields a polynominal series

-which can be used for dos€ calculations of induced radiation of tissue

components., For the rad dose delivered by the alpha particles and the.
energetic lithium particles derived from disintegration of Boronlo after
neutron capture the usual formule may be used for calculation:

£

% --Dose in rads = NVI x atoms per gram x¢ x E x 1.6 x 108 gram rad MeV,

v

where o is the capture cross section for'%%ron and E 1s the energy
of the reaction corrected for the fraction which is absorbed. In
case of the particles dlscussed herein all of the energy is
absorbed. .

This formula reduces to a simpler form in which 8.67 rads are liberated

for a Boronlo

concentration of one microgram per gram of tissue and a
thermal neutron NVT of 1012 per square centimeter. In context of rads per
boron atom disintegraéion the value feduces to 37.3 x 10—8 rads. Howe#er,
the cytological significance of the calculated rad result is not entirely
clear because the rad unit was not derived for this type éf system. We
present data thus calculated without assigning significance to the numbers,
for in the case of alpha particles randomly generated, with pathways

approximately a cell radius or a cell dismeter, we have observed wide

disparities in observed tissue effects as compared with those predicted
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from the above formulation or those calculated on the basis used by

Kruger.T This has led us to be cautious in the expression oi dosage

units. In the present report, values for each term in the above equation
are provifed under conditiona of actual measurement. The dosage can be
calculated by the reader, and, if he desires, he can use his own formulation.
Since the purpose of this paper can well be served by relative intensity

comparisons, this method of expressing dosage units has been adopted,

'although a maximum probable liklihood effect concept has been utilized

. for examplar purposes. When the mechanism of energy transfer of reactions

between heavy particle and cell components at the region of maximum energy
release is more fully understood, we shall be able to draw sounder com-
parisons of proton, alpha and energetic heavy particle effects.

Under conditions of our studies in experimental animals, a rad
index of 130, which could mean a rad dosage no greater than 130, has
been found under very specific conditions to be éapable of provoking a
unifénn\cytocidal reaction in 6ur test neoplasms and in skin in experi-
mental animals and man. With the same NVT and boron concentraﬁion and
under these same conditions, this value would correspond to an alpha
particle dosage index Qf 15. This means that 15 Boron10 disintegratiohs
would occur per cell. With this index, cyt001da1 effects can be provoked

lr s A wm;*o‘(w A A

uniformly;a%Labeveawhen(bﬁher conditions are fulfilled. The cytocidal
effect in experimental animals alluded to has been observed not only
in skin but also in cornea, conjunctiva, liver, kidney and in transplantable
neoplasms of mice and sPontanéous osteogenic sarcoma in dogs. No changes

were seen in blood vessels in these tissues or in muscle cglls or in com-

ponents of the brain.

B b S Rl M i SE g B R o Y e L e



The marked discrepancy between our observed minimum cytocidal
effect following a rad dose calculated to be of the order of 130 rads
and that for the production of cytologlcal damage by alpha particles
delivered by a eyelotron to the intaet animal - amounting to at least
3,000 rads - is noted, but no explanation will be attempted in this report.
amd vk dacos

Our rad ot alpha particle Endeit appearg to be meaningful quantitatively

only under the condlitions described.

RESULTS

In virtually all“the patlents, a bbne flaep had been turned, and
biopsy teken from the tumor region in order to establish diagnosis. A
variety of pathological changes had occurred in the meninges and brain
substance in the region of the biopsy or lobectomy site. In occasional
cases,-local infection had intervened and had been controlled through the
use of antibiotics. The infective process had added to the pathological
changes that had been incurred. In 2 cases (Cases 7 and l9),in which a |
sizeable fascial transplant‘had been placed over the meninges in the
region in which a bone flap had been turned, a large wedge of tissue
extending down to the region of the globus pallidus was massively necrotic.
The necrosis was regarded as due to clrculatory deficit brought about
in some unknown manner by the transplant. Since the many pathological
changes observed were no different from those observed in the average
run of & control brain-tumor case%éollowing brain decompression, they
could not be attributed to the neut;on-capture procedure.

In order to determine whether the neutron-capture-induced alpha
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particle radiation had had any effect on normal brain elements, we sought
out, from the serial sections, areas of the cortex which were spparently
unaffected by the operative procedure but which had been exposed to the
fu;l intensity of thermal neutronaexguﬁnx:; Such sltes were found in most
of the brains. Especial attention was given those cases in which calculated
rad aosage to the brain was highest (Cases 1-6).

T " Realizing that nerve cells can vanish without inducing any locsl
glial response, we checked sections with the naked eye and under low
magnification in an effort to determine whether cortical atrophy had
occurred. No such atrophy was observed when comparison was made with
corresponding cortical areas on the opposite, non-irradiated, side of the
brain. The cortex in some of the brains, as that in Case 11, did show
slight aStroglial activation in the molecular layer and some reduction

in the number of nerve cells, but since the reduction was generalized
throughout the entire width of the cortex, and did not conform to isoflux
areas, it ﬁas attributed ?o some complicating factor, not to the alpha-
particle radiation. In the cortex of other brains the cortical laminae
appeared to be fully populated with nerve cells. Here and there in some
of the brains, foci of activated astroglia were present in reiatively V
intact cortex. These foci were no different than those commonly observed
in edematous cortex.

In short, no evidence could be found, in 18 of the 20 cases, of
nerve cell damage or loss that could be attributed to the neutron-capture
reaction.

One of the remaining cases (Case 1) might be an exception to the

“ rule. In this case the braih,had'been exposed to the highest rad dose.
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The left fronto-temporal region had been exposed to the neutrons. Brain

fungus subsequenily occurred in the region of bra

Lo A
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examination of brain sections, meningeal round-cell sarcoma was found to

be widespre&d. It formed a relatively thick layer of tumor tissue along

- the convex surface of the cerebrum and in the region of the cerebellum,

but was thickest at the base of frontal lobes at the level of the optic
chiasm. Exceedingly scanty tumor wo- “l¢weveri present in the irradiated
area as compared with that present on the opposite side of the brain.
Presumably, much of the tumor pz¥sernt in this region has been destroyed
in the gourse of the néutron-éaptﬁre therapy. Underlying brain tissue
was grossly necrotic in an area correspondinggzg the outer isoflux zone,
but because of the‘occurrence of the fungus, no conclusion could be
reached as to whether the radiation had contributed to the development

of the necrosis.

The final case (Case 2), of cerebellar sarcoma which was, for the
most pért, eradicated in the neutron-capture irradiation, has been reported
on in detail.elsewhere.8’ 9, 10 The cerebellar tissue was severely
damaged, but any one or more of several factors besides @ neutron-capture
;rradigtion, such as‘fressure exerted by the neoplasm (which was massi?e)
and prior X-irradiation, could have been responsible. Four neutron-capture

treatments had been given, with striking clinical improvement after the

first two, and less improvement after the other two.

DISCUSSION
When the first of the 20 patients was given neutron-capture therapy,

we had not as yet obtained conclusive evidence that the procedure could
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" be cytocidielly effective in man. Nor were we certain of the dose of

‘ v

Boron salts that wQuld be optimal, nor the total neutron exposure required.

From extensive studies in experimental animals it was, however, ascertained

that the animals had usually shown the same requirements Tor neutron

exposure and boron dosage for cytocidal effects as man when allowances

were made for marked differences in geometry.

The 20 patients in the present series, when evaluated.in,this

light, constitutes a group in which exposure was usually well in excess

of that requlred for the production of cytocidal effects 1n tumor of \
i
!
mice and in skin and scalp of man (radiation dermatitis .of the scalp /
occurred in 7 of the patlents in the present serles) skln of pig
S ‘ it A“_\ I e i e
(:éegs and rabbits Because of the marked lateral attenuation of neutron

T i ar TE

intensity as well as distal diminution, each observation could be doubly
i)
controlled. Available to us as an ald in our interpretations ig an

extensive study of 50 patlents in which, for comparison purposes, an
efforf was made to determine the effects of neoplasm growth and therapy
and the combination of surgery, X-ray and neeplasm upon normal structures
of the brain in order that the contributions of each of these several
factors might be ideniified with specific cytological alterations. In

the same fashion, we have utilized information in extensive animal studies
as background in estimating the cytological distribution of the BoronlO
salts in normal brain structures. While, because of paucity of data,

\

we cannot in every instance in this series of patients establish exact

10

Boron™“ concentration, the high conformity seen between date in animals

and in man as well as well as fram animal to animal and patient to patient
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gives assurance that dosage calculation based upon the estimations of
“tissue concentrations gg;;.validity. It should be noted here that one of
the original assumptions made for neutron-capture therapy was that tumors
have the capaclty to "seek" target elements and that both efficiency
and safety of the therapy are dependent upon a high tumor::hormal brain
tissue ratio. Many hundreds of observations in animals have shown this
assumption to be erroneous both in regard to behavior of the inorganic
boron salts used and in regard to the necessity that a high ratio be
obtained in order that therapy be safe and effective. Our observations
indicated that the brain tissue::fumor ratio of boron salt concentration
usually approximated a value of one to two. These data are presently
being assembled for publication, at which time a radically different
assumption for the mechanism of the reaction between Boronlo, thermal
neutrons and cells can be expected. The details are not germane to the
observations interpreted for this report.

On the other han@>we are vitally concerned with the transfer of
boron from blood to normal brain tissue. Data obtalined upon several of
our patients from whom biopsy material was available, indicate that at
thé time of exposure of these patients the concentration in the normal'
tissue of the brain averaged, over the exposure period, a value appfoximately
equal to the dose given in mg per kilo. It is upon this value that the
exposure calculations in Table 1 are based. Observations (as yet un-
published) made with chromium-labelled blood have conclusively demonstrated

that to account for over 90% of analyzed tissue boron an intracellular

distribution is demanded. Of the tissues sudied, i.e., brain, liver,
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musclg/’and tumor, only in muscle was a larger extr#jgellular component
found.

The data herein reported indicate that in these patients, within
the limits of the dosage administered, an exposure to randomly generated
alpha particles resulting from Boronlo::}hermal neutron capture did not,
except possibly in Cases 1 and 2, result in any perceptible alteration
in nerve cells or in other cells. Nor were any alterations observed in
the cgpillary bed sustaining the brain parenchyma.

The rad index provided in this paper suggests that thg radiation

e
exposure is low when comparison is made with alpha particlejg;;; eX~
posures of the brain from external sources. Using a cyclotron, Malis,

Loevinger, Kruger and Rosell were able to obtain a discrete lesion in

" the cerebral cortex of cats with a radiation dose estimated to be about

%pOO rads at the peak of the Bragg curve. In using alpha particle beamns,
Lawrence, Toblas, Born, Wang and Linfot‘tl2 reported that a dose of

%500 rads was effective in reducing the size of & malignant tumor. Usually

they gave a larger dose ranging from 5,000 to 8,000 rads. When other

high-energy particles, such as deuterons or protons were used, a minimal
dose of 5,000 rads was required to obtaln an effect. For pituitary
extirpation, single doses of 30,000 rads were necessary. Zeman, Curtis,
Gebhard and Haymaker,l5 using a 25 u beam of protons, concluded that the
nerve cells and glia cells suffered morphological changes before vascular
damage was evident. Jansen, Klatzo, Miquel, Brustad, Behar, Lyman,
Tobias and Haymakerlh carried out a time-dose study on the brains of

rats through the use of alpha particles (12 MeV per nucleon and a brain




15
surface dose of 6,000 rads, corresponding to an estimated Bragg-peak
dose of 30,000 rad). The minimal peak dose at which ncrve-cell demage
was observed was 7,500 rad, and then only after a latent period of 7
months. At higher peak doses, nerve cell and glial damage shortly pre-

ceded vascular permeability changes. Estable-Puig, Tobias and HaymakerlS‘JK

studied similarly irradiatégfs;ainé)aff‘ﬂp:;“an&»observed that myelin was
highly radiovulnerable, Lippincott, Calvo, Baker, Jesseph, Jansen and
Farrl6 found some increase in the number of giant cells in tumor trans-
plants exposed to a beam of 20 MeV deuterons at doses of 2,500 rads and
up to 10,000 rads, but not at 2,000 rads or less. Barendsen, Walter,
Fowler and Bew].ey’17 have reported high death rates in human kidney cells
in tissue culture given single exposures to approximately 24l rads with
‘cyclotron-generated alpha particles having an energy of 8.3 MeV. This
value, it should be noted, is compatible with the rad dose expesure
in our patients. At this dosage, we have found, cell death occurs in
tumors irradiated by our system of alpha-particle generation. A very
recent review of bilological effects of particle radiation will be fouhd
in the paper of Lippincot@g‘et al;l8 With an ll~microcurie dose of
Astatinegll delivering én alpha<partiéle dose of 35,000 rad to the thyfoid
gland, Lippincott, Shellaburger and Basson19 demonstrated that the gland

; Leite
was almost completely annihilated. They;did not:g;;'i;gller doses.
Using as a measure the accumulation of‘é%dine by the thyroid gland,
| Basson and Shellaburger2O found the alpha particle of A:—:ta:binezuL to have
an RBE of 2.8,

From the summation of experiences it is clear that alpha particle
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doses of thousands of rads may be required to produce cellular changes
when the radiation comes from an external source. However, in the tissue
culture study already alluded to, Barendsen et al.l7 showed that exposure
to low hundreds of rads mpy have definite cytocidal effects. This is in
agreement with our result in experimental animals. However, no cytological

damage attributable to alpha-particle radiation was observed in 18 of the

" 20 human brains. These data strongly indicate that, under the conditions

described, randomly generated alpha particles in number sufficient to
provoke cytocidal effects in skin and in tumors produceé'no evident

changes 1n nerve cells or in supporting elements. Whether in the other

2 caseg,alphaeparticle radiation did, actually, destroy normal cells cannot
be said. in one (Case 1) there were 92 disintegrations per cell, with

8

the total dose of U x ZLO"'5 rads per cell (37 x 10™° rads per disinte-

Ve

gration), and in the other case (Case 2) the accumulated dose pi7éell

was much higher.

SUMMARY

Data are presented in a study of 20 patients subjected to neutron-
capture therapy for intracranial neoplasm. Within the limits of exposure
used, no effect was observed in nerve cells, glial cells or in véssels
that could be attributed to the interaction of thermal neutrons and Boronlo
under conditions capable, in these patients, of generating a marked
cytocidal effect in both tumor and skin. Two possible exceptions to
this rule are cited in.the text.

The data strongly suggest that nerve cells and supporting structures

have a considerable tolerance for randomly generated alpha particles. A




17

\

)
gf}ugher exposure than we attained appears to be requisite to elicit
cytological changes, but this conclusion requires additional patient

observation and animal studies for further documentation.
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LEGENDS

;ig. 1. Attenuation of thermal-neutron cloud in passing lbrough
cranial and intracranial tissues. The curves are derived from data
obtained in study of patients glven neutron-capture therapy.

Fig. 2. (Legend is on the figure.)
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Patient é B8 Tumor Type Tumor Location Prior fs Days from Boronlo St
e E Radiationy Surgical dose .
History 0. E X - ~  Exploration mg/klblo
to Mrst
‘Thermal
» . Neutron - Tty
- Exposure.
DR 31 F_ Meningeal Left None 58 Y 2 B
6408 1 : Sarcoma temporal . o o
1a 11 F  Hemanglo- Cerebellar 7900 r 354 36
80028 2 sarcoma X-radiation 32
35 -
i 35
SN 30 .M Ansplastic  Right Temporo- None 40 b2
6629 3 ependymoma. “parietal .
MH 43 F Glioblastoma Right None 120 1
6012 4 . multiforme temporal Lo
IM 38 F Glioblastoma Right parieto- None o 90 50
6480 5 ‘ multiforme temporal 3 o
GT R Cerebral " . Right temporal‘ None by n -
6351 6 . anglosarcoma :
MK 50 M Glioblastoma Right temporo- None LS ) L6
6546 T multiforme parietal ; - |
7FG W M Oligodendré-- Left frontal 1000 r 150 35 A
80083 11 glioma : C | X-rediatica |
| &rr %9 M Glioblastoma | Right parieto- Nome . . 3
5984 8 maltiforme occipital : » 32
ED 3 M Diffuse astro- Right tempora.l None LTI T b2
5972 9 cytoma : R MW“L}J"WWW : '
MF 5 F Gliocblastoma Right occipital None 9% 34
6024 10 multiforme B L. “W J
GF - 60 M Glioblastoma Right parieto- None 75 29 |
hoks 12 : multiforme temporal N g
AH 33 F Glioblastoma Right temporo- None 123 4o -
514 - 13 multiforme occipital hg
. "o
WL 7 38 M Glioblastoma Left temporo-  None - g 26 f
4055 1k multiforme parietal e
AB 58 M Glioblastoma Right frontal  None L8 19
4653 15 = multiforme 19
‘ 19
R . 16 o
AR . 45 M Glioblastoma Right parieto- None 152 25 |
k221 16 multiforme , occipital |
TF 0 52 M Glioblastoma Right tempord-  None 78 27
k737 1T _ multiforme parietal o7
CB 62 M Glioblastoms ‘Right frontal 25
8155 18 multiforme | |
PP 55 M  Glicblastoma, Left temporal a1 |
¥709 19 multiforme - ’ ‘ 21 .
21, |
' o 5% F  Clicblastoma Left temporo- 20 e
“;b..agrﬁ’“ - e .. . jultiforme Hocqipttal . :
o Mm* :Ehe Argon hl was 1ntroduced locally twice prior to ne\rtmnﬂ:#um , fw réac‘hilm
: FE g Nl
£' = fractl
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ays from Boronlo _Thekmal Neutron. Cortex Cells Cortex Cells Days Surviva.
urgical dose Exposure To at Surface at 4 cm Depth after Therns
xplaration mg/ktlo Presenting ~ Neutron
o First » Sugface ;5 Rad - Alpha Rad Alpha Exposure
hermal 012 Index Index  Index  Index
eutron SR -~ =050 -£f=0,50 £'=0,075 £'=0,075
xposure o ' ,
58 Lo 3.92 . 0 T99 % 120 1k oh
354 36 2,35 bz b2 54 6 262
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96 34 2.4k 360 L1 5k 6 244
5 29 1.56 183 21 27 3 b3
123 10 0.96 166 T 25 3 152
ko . 0.91 158 18 24 3 96
4o 0.96 166 19 85 3 33
40 0.90 156 18 - 23 3 0
- iyt 26. 1.k2 160 18 gh 3 83
hé 19 1.47 121 1k 18 2 186
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19 0.93 7 9 1 1 97
: 16 0.98 68 8 10 1 * L2
152 25 1.h2 153 18 r23 3 100
g 27 - 0,86 101 12 15 2 136
T 27 0.70 - 82 9 12 1 56
72 .25 ~ 0.85 92 10 1k 2 3L
~88 21 " 0.93 85 10 13 1 97
21 0.70 64 7 10 1 83
21 o 0.72 65 8 10 1 o
76 20 0.4 38 4o 6 o7 67T
e  fm frac‘tion of surface neutmns rea.ching pla.ne at éaruhcil\ sigface i
L : ‘2 m,leval)‘ ce

£' = fraction of surface neutrons reaching plane at k cn‘belov cartical
surface (6 om lml) I




